A very rapid electrolytic analysis termed 'electrolytic chromatography', using a column electrode with glassy carbon grains, has been developed. The column electrode has been used not only for coulometric detection, but also for separation of metals, elimination of interfering elements, unification of oxidation state, and concentration of an element.
INTRODUCTION
There have been proposed many separation methods based on a heterogeneaus phase formation, such as adsorption, ion-exchange, solvent extraction, etc. Recently advances have been made in the use of most of these methods, to transfer them from batchwise procedures into chromatographic procedures. In the present paper, the author reports on a new method of multi-stage separation using electrolytic deposition and dissolution.
The new 'electrolytic chromatography' 1 utilizes the principle of controlled potential electrolysis and it produces a separated and localized deposition of metals followed by stepwise dissolution. For the detection and determination of metal ions in the eluate, d.c. and a.c. amperometric, spectrophotometric, radiometric and coulometric methods were employed as necessary. The d.c. amperometric method seemed practical and versatile for use with most metals but lacked sensitivity. The a.c. amperometric method proved more sensitive than the d.c. amperometric metbad if the potential was selected exactly and maintained at the peak of the wave. The spectrophotometric method was also satisfactory for the detection of meta! ions such as bismuth, copper and lead by using xylenol orange as the universal colour developer and by the proper selection of the wavelength. The use of radioactivity was extremely effective in the detection of trace amounts if the active isotope was available. The method of coulometric detection was the most successful in the sense that it is relatively sensitive and also versatile to most of the metals examined.
The total set-up is shown in Figure 1 . As seen from the figure, the carrier solution which contains the supporting electrolyte and is deaerated if necessary flows continuously through the chromatograph column and the detector column. The sample solu tion usually less than 0.1 ml is injected into the system ahead of the chromatograph column. As the potential of the chromatograph cell is properly controlled, the metal ions in the sample are graded while flowing through the column and are conveyed into the detector BII OutRecorder
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Figurel. Schematic apparatus of electrolytic chromatograph with coulometric detector.
cell one after another. The detector column, controlled at a proper potential, measures the amount of each ion coulometrically and the results are recorded as a current/time curve or a coulombs/time curve. Other methods of detection are also possible; however, unless otherwise mentioned, coulometric detection is applied as shown in Figure 1 .
PRINCIPLE

Rapidity of column electrolysis
Electrolysis is a heterogeneous reaction at a solid/solution interface and therefore a relatively slow process; in the usual electrolytic analysis, it takes from ten minutes to several hours to obtain a quantitative result.
As the rate of electrolysis is mainly controlled by diffusion, the decrease of concentration of the metal ions in solution and therefore that of the current are represented by the following equations 
If now the time -r of quantitative electrolysis is defined as the time when the ratio of i/i 0 reaches 10-3 , then t = 6.9/l (4) In conventional electrolysis, more than 20 minutes are needed to obtain a quantitative deposit; the value of). never exceeds 0.005 sec- • -0.5 Chromatographie consideration BlaedelB discussed the distribution coefficient at the mercury electrode using the Nernst equation. In electrolytic deposition at the mercury electrode, the equation is expressedas (6) Therefore the distribution coefficient KD is
This equation indicates that the distribution coefficient is sharply dependent upon the potential; KD = 1 when E = E 0 and KD = 10 when E = E 0 -0.059/n volt Accordingly, if the column electrode is maintained at a constant potential, metal ions whose standard potential is more positive than the column potential deposit quantitatively and show a large retention volume. On the other band metal ions whose standard potential is more negative than the column potential pass through the column and are eluted together at zero retention volume. This means that in the constant potential column all the metal ions are separated into two groups.
In order to improve the situation, the authors 11 • 12 tried to use (1) a multistage column electrode having stepwise electrode potentials and (2) a long column electrode having a gradient electrode potential. Relevant details are presented here.
ELECTROLYTIC CHROMATOGRAPHY AT THE
GRADIENT POTENTIAL ELECTRODE (1) Coulometric determination of Iead and copper 9 • 10 In order to determine the most suitable conditions, many experiments were carried out by changing the dimensions of the column, the materials of the electrode, the potential of the electrode, the composition of the carrier solution and the flowrate.
Instruments used
In the separation and determination oflead and copper, a chromatographic cell and a coulometric detector cell shown in Figure 4 by a potentiometer recorder connected in parallel with a standard resistance in the circuit The number of coulombswas calculated from the area und er the current/time curve; an integrated circuit was also mounted ahead of the recorder, which gave the coulomb/time curve directly.
Procedure
A carrier solution of 0.5 M hydrochloric acid, deaerated by bubbling nitrogen gas, was passed through the column at the rate of 1.0 ml/min. Then -0.70 V against the saturated silver chloride-potassium chloride electrode (SSE) was applied to the outlet part of the chromatograph cathode using the potentiostat Next the valtage drop of O.JO V was applied along the column, resulting in the potential of the inlet part of the cathode being maintained at _.0. 40 V versus SSE.
A fraction of 0.001 to 0.10 ml of the sample solutions of 1.0 x 10-2 M Iead and copper was introduced using a microsyringe as customary in gas chromatography. The cupric ions in the solution were deposited at the inlet of the column but the Iead ions passed through it and were deposited close to the ou tlet.
After several minutes the cathode potential (E 2 ) of the outlet was raised to -0.4 V, resulting in the increase ofthe potential (E 1 ) ofthe inlet to -0.1 V. By this procedure Iead was dissolved and conveyed into the coulometric cell, in which the cathode potential had been set at -0.7 V versus SSE, and copper was moved and redeposited at the outlet After completion of the dissolution of Iead, which could be seen on the coulometric recorder, again the cathode potentials were transferred to E 1 = E 2 = + 0.40 V. By this procedure copper was transferred into the coulometric cell and the current recorded.
Discussion
Determinations were made with the solutions of 1.0 x 10-2 M Iead and cupric ions in various ratios; the size of the sample solutions was 0.001 ml to 0.1 ml. The results obtained were satisfactory with the accuracy of ± 3 per cent with 0.01 ml samples and ± 5 per cent with 0.001 ml samples.
In the experiment the appropriate potentials tobe applied to the column cathode were first examined by cyclic voltammetry using the glassy carbon as the indicator electrode (see Figure 6 ). From the curves it can be predicted that the Iead ions would deposit at -0.7 V versus SSE and the deposited Iead would dissolve at -0.4 V, while the cupric ions would deposit at -0.4 V and the copper at + 0.0 V forming cupraus ions and at + 0.4 V, cupric ions.
It is important to apply a potential gradient along the column cathode in the course of deposition, otherwise deposited metals would form alloys or intermetallic compounds which cannot always be separated in the course of elution even though the potential ofthe column electrode would be controlled most carefully. The rate of decrease of the potential andjor the potential gradientalso plays an important role and must be programmed automatically for separation und er more severe conditions. In the determination of a very dilute solution, a preliminary concentration with a larger sample is necessary; for a solution of 10-7 M of Iead ions, for example, some 100 ml of sample are needed and preliminary concentration with a preliminary column must be carried out.
(2) Radiometriedetermination of ThB, TbC and ThC" 13 • 14 Electrolytic chromatography is especially suitable for rapid separation and can be operated under remote control, so that its application for the separation of unstable radioactive nuclides seems tobe promising.
This section deals with the quantitative aspects of the separation of ThB, ThC and ThC" as tracers of Iead, bismuth and thallium respectively.
Reagent and apparatus
A carrier-free solution of a mixture of ThB, ThC and ThC" in radioactive decay equilibrium was prepared from 'radio thorium' from the Radiochemical Centre, Amersham according to the usual method 16 . A single channel pulse height analyser equipped with a 1.5 x 2 in. Nal weil typed crystal was used for the radioactivity measurements.
Experimental
The potential of the chromatograph column electrode was so controlled as to distribu te between E 1 = -0.40 V versus SSE at the inlet and E 2 = -0.70 was introduced using a microsyringe. By this procedure, ThC and bismuth ions were deposited at the inlet, ThB and Iead ions at the outlet, and ThC" came out immediately without deposition on the electrode at the potential. The solution coming out was divided into fractions of 1 ml each using a fraction collector all the time after the sample introduction.
After ten minu tes, the electrode potentials were changed to E 1 = 0.00 V and E 2 = -0.40 V. Then ThB with Iead ions eluted out Finally the electrode potentials were adjusted to E 1 = E 2 = 0.00 V. Then ThC with bismuth was dissolved and transported to the fraction collector.
It can be seen from the decay scheme of radio thorium shown in Figure 7 that ThB (half-life t = 10.6 h), ThC (t = 60.5 min) and ThC" (t = 3.1 min)
are the measurable nuclides when existing in equilibrium. Figure 8 demonstrates the chromatograms of radioactivities obtained with the fractions collected by the procedure described. Decay c'urves for the three peaks are presented in Figure 9 . As can be seen from the figures, the activities of the first Chromatographiepeak were eluted out with a very short retentiontime and showed the half-life of 3.3 minutes which agreed weil with that of ThC". The activities of the second peak were eluted out when E 2 was changed to -0.40 V and the half-life was measured tobe 10.6 hours which is the same as the listed value for ThB. The activities of the third peak resulted when The results are summarized in Table 1 . ThB and ThC in the sample were quantitatively deposited even from the extremely dilute solution and were eluted out anodically without leaving any activities due to absorption. When the sample solutionwas passed through the column in an open circuit, all of the radioactivities came out of the column as shown in Table 1 . F or the quantitative deposition of Iead and ThB, the potential E 2 should be controlled at a negative potential of more than -0.70 V. When the potential was maintained at -0.65 V, abour five per cent of the Iead ions eluted without being deposited. The electrode potential of -0.70 V was and is an isotope of thallium, was eluted out and isolated from other species without being deposited; it would be the first time that TbC" was successfully isolated, because its half-life is too short (3.1 min) for effective isolation by the conventional electrolytic method.
-----------------
ELECTROLYTIC CHROMATOGRAPHY AT THE UNIFORM POTENTIAL ELECTRODE (1) Elucidation of the reaction mechanism at the glassy carbon electrode 1 5 For the purpose of preparing a desirable sample solution, a uniform potential column electrode has been extensively used in this Iabaratory; the cell acts as a pretreatment apparatus to remove interfering elements in some cases and in other cases as a smoothing apparatus to make the oxidation state of the sample uniform before it enters the detector column. This twostep flow coulometric system is especially effective when the reaction products are unstable or oxidizable in air. A sample solution in amounts as small as 10 J.Ll could be analysed and the unstable product of 10-2 to 30 seconds in half-life could be measured.
As a preliminary test, the electrolytic reduction of cupric ionswas investigated. In the.study various kinds of coulomb/potential curves were examined and are shown in the Figure 11. (1) The quantity of electricity Q 11 was measured at a definite potential Eu with a definite amount of cupric ions (8 x 10-7 male) without using the preparatory column I. The measurements of Qu were made at various potentials Eu and the Coulomb/potential (Qu /E 11 ) curve similar to the polarographic currentjpotential curve was obtained, which can be seen as Curve 1 in Figure 11 . The Qu/En curve shows two waves. Both correspond to one electron reduction, and therefore the first wave. is the reduction to the cuprous state and the second wave, to the metal. (3) The quantity of electricity Q 11 was measured at adefinite potential E 11 as in case (1). However, the potential EI of column I was kept constant at -0.15 V versus SSE. The measurements of Q 11 were made at various potentials E 11 and the Q 11 /E 11 curve of the anodic side was plotted: thi~ is shown as Curve 3.
In order to elucidate the reaction mechanism of uranyl ions in chloride media, a similar investigation was carried out with a series of carrier solutions of varying acidity. One of the results is shown in Figure 12 . However, the second reduction product U(Iv) is not oxidized because it is hydrolysed very rapidly; this could be confirmed by the experiments using a lower flowrate.
The U(Iv) is also unstable at a potential higher than -0.5 V, where the disproportionation reaction becomes appreciable; it was observed that the U(Iv) was stabilized in acidic solutions. The comparison of the coulometric results at the two step column electrode with the polarographic observations at the dropping mercury electrode is very interesting; it will, however, be discussed elsewhere.
(2) Determination of plutonium in the presence of uranium, iron and chromium 1 5 The aim of this study is to analyse for plutonium in the presence of other metals in a shielded room as a protection from its strong activity.
Plutonium is well known to have many oxidation states such as Pu(vi)O~ +, Pu(v)Oi, Pu(Iv), Pu(n1) in aqueous solution and it is pretty difficult to prepare a solution of uniform ionic state by a simple chemical procedure.
In the present study, two step column electrolysis was applied; ·the first cell was used to remove interfering elements and at the same time to smooth the oxidation state ofplutonium, and the second cell to measure the amount of plutonium coulometrically. proceeds at +0.45 V, whereas ferric iron is not reduced; this was proved experimentally as is shown in Table 2 .
As for the results, the following procedure is recommended for the semiautomatic analysis of plutonium; 0.5 M H 2 S0 4 solution is continuously allowed to flow through the two column cell as carrier and the potential ofthe first cell is controlled at +0.75 V and that ofthe second cell at +0.45 V using two independent potentiostats. The sample solution is introduced into the carrier stream. As the sample includes both Pu(III) and Pu(IV), the current recorder of the first column measures the quantity of Pu(m) due to the reaction Pu(m) -e = Pu(Iv). The current recorder of the second column measures the quantity of Pu(Iv) based on the reaction Pu(Iv) + e = Pu(m), hence it represents the sum of Pu(ni) and Pu(Iv) in the sample.
If the sample contains ferrous iron or other reducible su bstances, the first recorder will also measure them in addition to Pu(111). However, the second recorder measures only Pu(v1) and not other ions because they are hardly reduced at + 0.45 V; Ce(Iv) and Cr(vi) are reduced at the first column Various amounts ofplutonium (mixture ofm and IV) were analysed and the results are summarized in Table 3 . The effect of the presence of various ions is shown in Table 4 . In conclusion, the proposed analytical method is accurate within ± 3 per cent with 0.05 ml of 4 x 10-3 M Pu(m and IV) solutions and is sensitive down to 0.02 ml of 2 x to-s M Pu. The determination is automatically performed except for the introduction of samples. The determination of the ratio of plutonium to uranium is often important because the mixed oxides or carbides are used as nuclear fuels. A coulometric procedure similar to that described above was developed as follows: a 100 mg of the mixed oxides sample was dissolved with 5 ml of 10M HN0 3 and three drops of 1 M HCI, and evaporated nearly to dryness. The addition of HN0 3 and HCI and the evaporation were repeated three times followed by the dissolution with 25 ml of 0.5 M H 2 S0 4 . 10 ~ of the aliquot was taken as the sample and injected into the carrier stream of deaerated 0.5 M H 2 S0 4 • For the determination of plutonium, the potential E 1 of the first column was kept + 0.10 V versus SSE and the quantity of electricity Q 11 consumed at the second column was measured at the potential E 11 of + 0.75 V. Forthedetermination of uranium, E 1 was kepi at + 0.10 V and Q 11 was measured at -0.60 V. Therefore the electrode reactions of Table 5 .
. (3) Coulometric process anal)'sis of ver)' dilute Iead ions 1 7 In the studies described above, a very small amount (less t}lan 0.1 ml) of relatively concentrated solution (10--:
5 """ 10-2 M) was supplied as sample for analysis. With very dilute solutions ofless than 10-6 M, preliminary concentration with the column electrode is extremely effective. The method was automated and applied to the determination of traces of Iead ions in water. The instrumentation and the procedure were as follows. Sampie water and supporting electrolyte (0.2 M HCI) solution were mixed at the ratio of 1 : 1 ; dissolved oxygen was next removed by bubbling nitrogen gas, and the mixture introduced to the two column cell in the same arrangement as shown in Figure 1 . The potential of the first and second cells was kept at -0.6 V versus SSE and the electrolytic current of the second cell was recorded. At this potential all Iead ions deposit at the first column electrode and no current flows in the recorder of the second cell. After a definite time (e.g. 30 minutes) had passed, the potential ofthe first cell was changed to -0.40 V for a further definite time (e.g. one minute). Under this valtage drop all the Iead deposited in the first cell dissolved again and was conveyed to the second cell, where the Iead ions were electrolytically redused once more. The recorder of the second cell recorded the quantity of electricity passed, which was proportional to the amount of Iead supplied for the period. By a simple switching of the potential with a definite time interval, 10-6 to 10-8 M Iead solution is analysed without any interference of other ions and the result is recorded automatically on a chart. The detailswill be reported elsewhere.
CONCLUSION
The author has discussed rapid electrolysis using a column electrode packed with glassy carbon grains. The column electrode is used not only as a coulometric detector but also for the separation of metals, the elimination of interfering ions, the smoothing of the oxidation state and the concentration of the dilute solutions. In order to separate metals whose deposition potentials are nearly equal, the column electrode of gradientpotential has been proposed. By the use of two or more column cells in series in the carrier stream, automated fractional determination of metals has been performed with satisfactory results. The method has been applied to the remote controlled determination of radioactive nuclides in a shielded room.
As the rate of electrolysis is controlled not only by the equilibrium potential but also by the rate of the change of the potential, it is hoped that the superimposing of an alternating valtage on the d.c. potential would provide a better separation of metals in this electrolytic chromatography.
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